Abstract For cell regulation, E2-like ubiquitin-fold modifier conjugating enzyme 1 (Ufc1) is involved in the transfer of ubiquitin-fold modifier 1 (Ufm1), a ubiquitin like protein which is activated by E1-like enzyme Uba5, to various target proteins. Thereby, Ufc1 participates in the very recently discovered Ufm1-Uba5-Ufc1 ubiquination pathway which is found in metazoan organisms. The structure of human Ufc1 was solved by using both NMR spectroscopy and X-ray crystallography. The complementary insights obtained with the two techniques provided a unique basis for understanding the function of Ufc1 at atomic resolution. The Ufc1 structure consists of the catalytic core domain conserved in all E2-like enzymes and an additional N-terminal helix. The active site Cys 116 , which forms a thio-ester bond with Ufm1, is located in a flexible loop that is highly solvent accessible. Based on the Ufc1 and Ufm1 NMR structures, a model could be derived for the Ufc1-Ufm1 complex in which the C-terminal Gly 83 of Ufm1 may well form the expected thio-ester with Cys 116 , suggesting that Ufm1-Ufc1 functions as described for other E1-E2-E3 machineries. a-helix 1 of Ufc1 adopts different conformations in the crystal and in solution, suggesting that this helix plays a key role to mediate specificity.
Introduction
Covalent attachment of a ubiquitin or ubiquitin-like (Ubl) protein molecule to a substrate protein, a process known as 'ubiquitination' [1] , targets the substrate for a range of possible fates [2] [3] [4] [5] . In eukaryotic cells, ubiquitination is critical for the regulation of many cellular processes such as protein degradation [6] , DNA repair [7] or cell cycle control [8] . Moreover, dysregulation of ubiquitination is implicated in the etiology of various human diseases [4] .
Ubiquitin and Ubls share a common fold [3] , and their transfer to the target protein is accomplished through the sequential action of three enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2 or Ubc), and a ubiquitin-protein ligase (E3) [6, 8, 9] . The mechanisms underlying ubiquitination have been intensely studied and have revealed important differences between the pathways associated with different Ubls [4] . These insights were complemented by atomic resolution structures for several ubiquitination proteins and their proteinprotein complexes; the structures contributed to provide a basis for our understanding of ubiquitination at atomic resolution [5] .
Recent structural genomics studies have contributed to identifying hitherto unknown ubiquitination pathways. The NMR structure of 11.5 KDa protein ZK652.3 encoded in gene ZK652.3 from C. elegans solved by the Northeast Structural Genomics Consortium (http://www.nesg.org) enabled the identification of this protein as a new Ubl [10] . Since the sequence identity between ZK652.3 and ubiquitin is only 14%, this conclusion could not have been drawn from sequence comparison alone [10] . The human homolog of ZK652.3 was later confirmed to be a Ubl and was named 'ubiquitin-fold modifier 1' (Ufm1) [11] . In contrast to many other Ubls (including ubiquitin) which comprise a C-terminal di-glycine segment, ZK652.3 and Ufm1 contain only a single C-terminal Gly. Nonetheless, the first two steps of the ubiquitination cascade associated with Ufm1 are rather similar to those previously described for other Ubls and ubiquitin: the C-terminal carboxylate of Ufm1 is activated by an E1-like enzyme, Uba5 [11] . The thus activated Ufm1 is then transferred to its conjugate E2-like enzyme [protein CGI-126, later named 'Ufc1' [11] ], and a thio-ester linkage is formed between the C-terminal carboxylate of Ufm1 and the thiol group of the catalytic Cys 116 of Ufc1 [11] . In contrast, the E3-type enzymes interacting with Ufc1 remain to be identified.
All members of the family of E2-like enzymes share a conserved *150-residue catalytic core domain consisting of a 4-stranded b-sheet and four a-helices attached to one side of the sheet [2, 8] . Some members feature N-or Cterminal extensions which are possibly required to convey distinct specificity for protein-protein interactions [4, 8] . The E2-like 167-residue protein Ufc1 belonging to PFam [12] family PF08694 (comprising 27 sequence homologs) is conserved in multicellular organisms, but exhibits low sequence identity with other E2-like enzymes. Hence, Ufc1 was originally annotated as protein CGI-126 until in vitro studies proved its E2-like function [11] . In parallel, this protein was selected as a target of the NESG project (target ID HR41). The NMR structure of HR41 showed that Ufc1 contains the characteristic catalytic core domain of E2 enzymes, and this finding was published in a paper describing a structural genomics technology development project [13] .
Insights into protein structures obtained with X-ray in the crystal and with NMR in solution are complementary. In this publication, we present NMR and X-ray crystal structures of this 167-residue protein Ufc1 from H. sapiens that is encoded in gene Ufc1_HUMAN (NCBI ID: 9606; SwissProt ID: Q9Y3C8/Q9BS96/Q9P009; NESGC target ID: HR41; NESGC Rost-cluster ID: 15697).
Materials and methods

Materials
Uniformly 13 C, 15 N-enriched human Ufc1 was prepared as was described [13] following standard protocols [14] . SeMet labeled Ufc1 was prepared using the same protocol, except that a culture of MJ9 minimal medium [15] containing SeMet was used.
NMR structure determination
The determination of the NMR structure of Ufc1 was accomplished as described previously [13, 16] , except that the program CYANA [17, 18] was used.
Crystallization of Ufc1
Starting from results of a crystallization screen conducted by DeTitta and coworkers at the Hauptman-Woodward Medical Research Institute, Ufc1 was crystallized by the hanging drop vapor diffusion method at 21°C. Two lls of protein solution containing Ufc1 (10 mg/ml), 5 mM Tris (pH 7.5), 100 mM NaCl, and 5 mM DTT were mixed with 2 lls of the reservoir solution consisting of 100 mM sodium acetate (pH 5), 18% PEG 8 k, 100 mM ammonium isothionate, and 50 mM lithium isothionate. Crystals were transferred to a solution similar to that of the reservoir to which 25% (v/v) glycerol was added for cryo-protection, and then flash-frozen in liquid propane for data collection at T = 100 K. The crystal has cell parameters of a = 41.368 Å , b = 64.537 Å , c = 66.422 Å , a = 90.06°, b = 89.95°, and c = 105.18°in spacegroup P1 with 4 Ufc1 protomers in the asymmetric unit (ASU). The crystal exhibits apparent P2 1 symmetry according to data merging statistics, but, as explained in detail in the next section, the behavior observed during refinement suggests that the lattice packing deviates in subtle way from perfect P2 1 spacegroup symmetry. X-ray crystal structure determination A single-wavelength anomalous diffraction (SAD) [19] data set to 2.54 Å resolution was collected on a single crystal of Ufc1, at the peak absorption wavelength of selenium at the X4A beamline of the National Synchrotron Light Source (NSLS). The diffraction images were processed with the HKL package [20] , and the selenium sites were located with the program SnB [21] . The program SOLVE/RESOLVE [22] was used for phasing the reflections and automated model building, which correctly placed 50% of the residues with side chains in both protomers of ASU. The remaining residues were built with the program XtalView [23] and refined by using the program CNS [24] . Very strong non-crystallographic symmetry restraints (300 kcal/Å ) were applied during all stages of the refinement, and reflections in the cross-validation set were chosen in thin shells to avoid possible symmetry bias in R free values [25] [26] [27] (although this procedure only increased the overall R free by 0.3%). The crystal structure was initially determined and refined in the spacegroup P2 1 , which gave canonical merging statistics during data processing that were very similar to those obtained in the lower symmetry spacegroup P1. However, the refinement of the structure was better in the latter spacegroup based on a 1.9% reduction in R free at 2.54 Å for the same starting model when applying the same strong NCS restraints. This result was interpreted to indicate that there is likely to be some small deviation from P2 1 symmetry in the lattice and that the spacegroup symmetry of the crystal is more likely to be P1 than P2 1 . The R free increased as the strength of NCS restraints was reduced, indicating minimal conformational differences between the four NCS-related molecules in the P1 cell. However, there is a 0.04°incli-nation between the unit cell axis and the 2-fold screw axis describing the non-crystallographic symmetry operation relating pairs of protomers in the P1 cell. This small deviation from exact P2 1 symmetry is likely to account for the improved refinement of the crystal in spacegroup P1.
Atomic coordinates
The atomic coordinates, NMR constraint lists, and structure factors were deposited in the Protein Data Bank [accession codes: 2K07 (NMR) and 3EVX (X-ray)]. NMR resonance assignments have been deposited in the BioMagResDB (accession code: 6546).
Results and discussion
Ufc1 structure
The NMR structure reported here (PDB ID 2K07) was further refined when compared with the one (PDB ID 1YWZ) considered for the publication on the structural genomics technology development project [13, 16] and submitted to the PDB in 2005. Specifically, a large number of stereospecific assignments were added and the program CYA-NA2.1 was used for structure calculations. Statistics of the refined Ufc1 NMR structure (Table 1) show that a highquality structure was obtained. After the NMR structure was first made available in 2005, the X-ray crystal structure was determined at a resolution of 2.54 Å ( Table 2 ). Ufc1 exhibits the characteristic E2-like catalytic core domain comprising an anti-parallel b-sheet and five a-helices attached to one side of the sheet, which enabled classification of Ufc1 as an E2-like enzyme [13] .
Inspection of the NMR structure ( Fig. 1 ) reveals three bstrands (b1 to b3) comprising residues 54-59, 64-73 and 76-85, and five a-helices (a1 to a5) comprising residues 4-12, 25-48, 121-127, 134-140, and 142-155. These regular secondary structure elements are locally and globally well defined ( Table 1 ). The b-strands form an anti-parallel bsheet with topology b1(:), b2(;) and b3(:). In some of the 20 conformers representing the NMR solution structure, two additional short b-strands are identified for residues 98-99 (b4) and 114-115 (b5).The five a-helices are attached to one side of the b-sheet while its other side is solvent exposed. The C-terminal deca-peptide segment 158-167 is flexibly disordered in solution. Notably, out of the ten prolyl residues in Ufc1, Pro 91 and Pro 130 adopt a cis-conformation in solution, as is evidenced by chemical shifts and nuclear Overhauser effect peak patterns.
The polypeptide segment 86-118 connecting b4 and a3 contains the catalytic Cys 116 and is less well defined than the regular secondary structure elements. This suggests the presence of increased local disorder which might well be of importance for an induced-fit interaction with Ufm1 when the Ufc1-Ufm thioester is formed. In agreement with this interpretation, it is observed that (i) the backbone 1 . Consistent with the flexibility of the C-terminal segment 158-167 in solution, residues 164-167 are not observed in the X-ray crystal structure (Fig. 2) . The ASU contains two Ufc1 molecules, but those are interacting only with a comparably small interaction surface. This is in agreement with the monomeric nature of Ufc1 in solution, as evidenced by (i) a rather short correlation time for overall Structure of E2-like human Ufc1 129 rotational tumbling [13] and (ii) static light scattering data (data not shown).
The comparison of NMR and X-ray crystal structure reveals the expected structural similarity. However, given the fact that the corresponding r.m.s.d. values within the 'bundle' of NMR conformers is smaller than 1 Å , the r.m.s.d. values calculated between the X-ray conformer and the mean NMR coordinates indicate some significant differences (Table 3 ; Fig. 2b ). First, whereas helix a4 in the crystal structure shows a kink at position 140, two smaller helices a4 and a5 connected by a non-helical residue Gly 141 (confirmed by NMR chemical shift analysis, data not shown) are observed in the NMR structure (Fig. 2b) . The catalytic Cys 116 is located in the segment immediately [46] e Scores defined in Ref. [47] f NMR structure after CNS refinement in explicit water, and ProCheck scores shown for the NMR structures for only the ordered residues: 4-17, 22-52, 54-73, 76-97, 100-102, 115-159 g Scores defined in Ref. [48] following strand b5 and its side chain has poor electron density with high B-factor values in the X-ray structure, thus confirming the flexibly disordered nature (Fig. 2a) inferred from the NMR data for a larger part of the loop comprising 86-118. Second, and most pronounced, helix a1 is partially solvent exposed in the NMR structure (only few NOEs were observed between residues in helix a1 and residues in helices a3 and a4), whereas in the X-ray structure several hydrophobic interactions are detected with side-chains of helices a2 and a4 (Fig. 2) . The conformational variation observed in solution at 298 K and in the crystal at 100 K might indicate that helix a1 can adopt different orientations when protein-protein complexes are formed.
Very recently, another X-ray structure (PDB ID 2Z6P; deposited August 6 2007), solved at 1.6 Å resolution, was reported [28] . Calculation of global r.m.s.d. values (Table 3) reveal that the NMR structure is slightly more Table 1) . The a-helices (a1-a5) are shown in yellow, the b-strands (b1 to b5) are in cyan, other polypeptide segments are in magenta (see Table 1 for the starting and ending residues of regular secondary elements), and the N-and Cterminal ends of the protein are indicated as 'N' and 'C'. The programs MOLMOL [43] and Molscript [44] were used to generate the figure   Fig. 2 X-ray crystal structure of human Ufc1. a Ribbon drawing of the X-ray crystal structure of human Ufc1. The coloring is as in Fig. 1 . b Superposition of X-ray and NMR structure. a-helices, bstrands and loops of the NMR structure are shown in yellow, cyan, and magenta, respectively. The corresponding coloring scheme of the crystal structure involves orange, blue and pink, respectively. Helix a1 of NMR structure is depicted in green in order to highlight its different location with respect to the crystal structure where the helix a1 is shown in red. The side chain of the catalytic Cys 116 is shown in dark green Structure of E2-like human Ufc1 131 similar to the new X-ray structure 2Z6P. However, the major structural difference between the NMR and the new X-ray structure is also due to the different orientation of the N-terminal helix a1. While only weak NOEs are registered between helix a1 and helices a3 and a4, which goes along with its partial solvent exposure, for the NMR structure, helix a1 is oriented along helix a4 in our X-ray structure 3EVX but is in contact with both helices a3 and a4 in the new X-ray structure 2Z6P. Specifically, Thr 6 interacts with Pro 144 in helix a4 in 3EVX but with Leu 124 in helix a3 in 2Z6P. Moreover, although helix a1 adopts a similar conformation in the four molecules in the ASU in structure 3EVX (even when released from non-crystallographic symmetry restraints), it exhibits strongly elevated backbone B-factors (Fig. 3) , indicating some degree of disorder in its packing in the crystal. This observation further supports the view that helix a1 can adopt different orientations (see below).
Identification of structurally similar proteins
The Dali server [29] was used to search for proteins which are structurally similar. The three structures with the highest score turned out to be (i) human ubiquitin-conjugating enzyme Ubc9 (E2 of SUMO, PDB code: 1U9A, Dali Z-score: 7.7, r.m.s.d between backbone C a atoms of 72% of the polypeptide chain: 2.8 Å , sequence identity: 16%), (ii) ubiquitin-conjugating enzyme Ubc13 in complex with ubiquitin E2 variant protein mms2 (1JAT:B, 7.4, 3.1 Å , 15%), and (iii) human ubiquitin-conjugating enzyme E2 (2F4 W, 7.3, 2.7 Å , 15%) (Fig. 4) . These proteins belong to the SCOP [30] family 'Ubiquitin Conjugation Enzyme' (Ubc) which comprises a total of 18 members. In comparison to these three most structurally similar E2-type enzymes, Ufc1 possesses the additional N-terminal helix a1. Moreover, helix a5 in Ufc1 is shorter and oriented differently compared to the corresponding helix in Ubc9 and Ubc13.
A structure-based sequence alignment of the SCOP Ubc family by using the program STRAP [31] (Fig. 5) The sequence of the loop connecting strand b4 and helix a3, which contains the solvent accessible active site Cys residue, is highly conserved among the E2-like enzymes, but shows different conformations (Fig. 4) . In contrast to Ubc9 and Ubc13, the active site Cys 116 in Ubc1 is not embedded in a largely negatively charged surface patch. This might correlate with different substrate specificity. The interface of the Ubc1-Ub intermediate, which was mapped by using NMR chemical shift perturbation measurements [32, 33] , is formed by residues of the C-terminal segment of ubiquitin and residues proximal to the active site Cys in the E2-like enzyme Ubc1. The high structural similarity of Ubc1 and Ufc1 catalytic core domain, and Ufm1 and Ubiquitin suggests that the protein-protein interface in the Ufc1-Ufm1 complex is similar. Hence, a model for the Ufc1-Ufm1 complex was derived using the model of the E2-Ub thio-ester intermediate (PDB accession code 1FXT) [33] as a template (Fig. 6) . To generate this model, the backbone of the regular secondary structure elements of Ufc1 were superimposed onto the corresponding polypeptide segments in Ubc1. Since helix a1 could not be accommodated without introducing severe steric clashes, this helix was removed (see Fig. 2 ).
Consistently, helix a1 was found to be dispensable for E1-E2 interaction and thioester linkage formation with Ufm1 in vitro [33] . The steric incompatibility of helix a1 with the Ubc1-Ub model further supports the view that this helix is functionally critical in regulating complex formation, and may serve to convey specificity in the Ufm1-Ufc1 system, as large conformational changes are common features among enzymes involved in Ubl transfer [34] [35] [36] .
Subsequently, the NMR structure of Ufm1 [10] was superimposed in a similar manner onto Ubiquitin. Here, the NMR conformer was chosen with the most favorable conformation of the loop connecting strands b1 and b2, which differs in length and adopts two different conformations between Ubiquitin (blue) and Ufm1 (magenta in Fig. 6 ). The interface of the resulting model (Fig. 6 ) exhibited several minor steric clashes, which could readily be removed by minor structural rearrangements. In agreement with the expectation that the Ufc1-Ufm1 complex resembles the one of Ufc1-Ubiquitin, the model of the complex places the terminal Gly 83 of Ufm1 in close spatial proximity to the catalytic Cys 116 in Ufc1. This is evidently required for forming the corresponding thio-ester and confirms the validity of the model.
Interactions of Ufc1 with E1 and E3-like enzymes
Structures of E1-E2 and E2-E3 complexes revealed that E1-and E3-binding sites on E2-like enzymes overlap partially [5, 34] . Specifically, the E2 binding domain in E1 enzymes resembles Ubl, and E1-like binding to E2-like enzymes occurs by mimicking its interaction with ubiquitin [34] . Residues located in E2 helix a1 (corresponding to helix a2 in Ufc1) and the loop connecting strands b1 and b2 loop are involved in the interface between Ubc12 and NEDD8's E1 [34] [35] [36] . Those residues are not conserved in Ufc1 and Uba5, respectively. This reflects the fact that the interface of E1-E2 complexes conveys specificity for any given E1-E2-E3 machinery.
Further specificity is encoded in the E2-E3 interaction [8] . Currently known E3-like enzymes fall into three categories: the HECT domain class, the RING and RING-like domain class, and those not belonging to either the HECT or the RING class [5] . Known UbcH7-E3 complex structures [5, 8, [37] [38] [39] suggest that, although there is no structural similarity between the different classes of E3s domains, they bind UbcH7 in a similar way. Future research may identify which E3-like enzymes interact with Ufc1. Notably, some of the E3-interacting residues identified in UbcH7 or Ubc13 are conserved in Ufc1, including Thr 92 , Pro 130 and Lys 131 . This may indicate that similar contacts mediate interactions between Ufc1 and its E3 enzyme(s).
In fact, Tyr 90 of Ufc1 is strongly conserved in other E2-like enzymes (Fig. 5) , and is likewise located in the Fig. 4 Structurally similar E2-like enzymes. Ribbon drawing of the structures of the E2-like enzymes. Ufc1, Ubc9, Ubc13 and E2 are shown for comparison, and the color code is the same as in Fig. 1b Structure of E2-like human Ufc1 133 [40] . Ring flipping rate constants primarily reflect the rates of larger amplitude motional modes which allow the ring to flip [41, 42] , and the vast majority of buried aromatic rings in proteins flip much faster that Tyr 90 . Thus, the slowly-flipping ring of Try 90 indicates that the sub-structure, in which the ring is embedded, is remarkably rigid [40] . Furthermore, Pro 91 and Pro 130 of Ufc1, both of which are in cis-conformation in both NMR and crystal structures of Ufc1, are located close to Tyr 90 . These two prolyl residues are likewise strongly conserved in UbcH7, Ubc13 and other member of the Ubc SCOP family (Fig. 5) , and Pro 62 in UbcH7 and Pro 63 in Ubc13 (both corresponding to Pro 91 in Ufc1) also adopt a cis-conformation. Taken together, the rigidity of this conserved substructure (Fig. 7) potentially involved in E3-binding, might well be of significance for functioning of cellular E1-E2-E3 machines.
Conclusions
The structures of human Ufc1 provides a basis for the understanding of the functioning of Ufc1 at atomic resolution. The novel insights presented here will enable one to properly design and reconcile future research aimed at the exploring the Ufc1-Ufm1 ubiquination pathway. Specifically, the comparison of NMR and X-ray crystal structures reveals that helix a1 of Ufc1 can adopt multiple orientations depending on its environment. Modeling suggests that this plasticity might be required to modulate interactions between Ufc1 and various Ub-like modifiers and/or E3 ligases. An immediately apparent future research goal seems to be the identification of E3-like enzyme that interacts with Ufc1. Fig. 6 Model of the Ufc1-Ufm1 complex. The model was derived on the basis of the structure of the Ubc1-ubiquitin complex (1FXT) [33] by superimposing Ufc1 (in yellow) onto Ubc1 (in cyan) and Ufm1 (in magenta) onto ubiquitin (in blue). Helix a1 of Ufc1 was removed (see text). The thio-ester bond between Gly 83 of Ufm1 and Cys 116 of Ufc1 is shown with space-filling residues (carbon and oxygen atoms of Gly 83 and the sulfur atom of Cys 116 are, respectively, shown in magenta, red, and orange). The loop L b12 is labeled in black. The figure was produced using the programs Molscript [44] and Raster3D [45] Fig . 7 Residues in Ufc1 corresponding to E3 binding sites in other E2-like enzymes. a Structure based sequence alignment of the segments of Ufc1 corresponding to the E3 binding segments in UbcH7 and Ubc13. Residues interacting with both HECT and RING type E3 in UbcH7 are colored green, residues interacting with HECT E3 in UbcH7 are colored golden, residues interacting with RING E3 in UbcH7 are colored blue, residues interacting with U-box E3 in Ubc13 are colored cyan, residues that are identical to residues in UbcH7 or Ubc13 are highlighted in red. b View of Tyr 90 in Ufc1 which exhibits the unusually slow ring flipping rate [44] (see text). The two cis-prolines Pro 91 and Pro 130 are labeled. c Stereo-view of the electron-density for residues 90-92 and 129-131 taken from a simulated annealing omit map contoured at 1 r. All six of these residues were omitted prior to simulated annealing at 1,000°and map calculation Structure of E2-like human Ufc1 135
